growing consensus that the next generation of synchrotron radiation sources will be based primarily on undulator and multipole wiggler radiation as compared to the existing machines which use primarily the broad-band radiation emitted by the electrons in the normal bending magnets of the ring.
Though technically more demanding , the realization of short-wavelength free-electron laser operation could raise the spectral power density available from an undulator by several additional orders of magnitude. This prospect has encouraged us to examine the problems associated with the operation of storage ring Free Electron Lasers, and to establish an experimental program to secure data on the operation of a visible-wavelength system. The choice of the visible wavelength region for the initial experiments was based on the fact that very high quality mirrors exist in this range. Very good mirrors are necessary for the operation since the straight section length in ACO is very short, and hence the gain is very small. This study, conducted as a collaboration by LURE and Stanford using the ACO ring at Orsay, began in 1979. Although the interaction length and current density available at ACO limit the experiment to low gain, the availability factor of the machine has been good, and it has proved an excellent test-bed for the basic physics and technology issues for the FEL. In a first step, a superconducting undulator was built and installed on the storage ring ; several studies were conducted. The spontaneous emission of the system was observed 1 1-1 and the relationship of the spectral shape tc the undulator imperfections and the beam alignment problems was clarified / 2,s-/. The optical gain as a function of the electron energy / 3,4-1 and the laser induced lengthening of the electron bunch-weye also measured. These results have been reported at the 1981 Sun-Valley meeting / 5-/.
The second step consisted in the construction of a permanent magnet undulator/optical klystron which would be optimized at 240 MeV, the injection energy of ACO. The goal was to eliminate-all the problems encountered with the operation of the superconducting undulator / 5-1. This new undulator has now been on operation for nine months, and its spontaneous emission and gain have been studied in details. A high-quality optical cavity has been mounted and operated and the amplification of the spontaneous emission has been observed. A dispersive section has been constructed and installed to convert the undulator into an optical klystron and the spontaneous emission measurements of the klystron are presented here.
Section I1 of this article is devoted to the problem of the design and optimization of the permanent magnet undulator. The spontaneous emission measurements, particularly in the VUV spectral range, and the gain measurements are also described. In section I11 are reported the new bunch lengthening measurements, the electron bunch being heated either by an external laser or by the spontaneous emission stored in the optical cavity. The first experiments with the optical klystron are discussed in section IV. The cavity Q measurements of the high quality optical cavity (Q > lo3) are discussed in section V along with the problems af mirrors degradation and regeneration. Finally the cavity experiments, alignement of the cavity axis on the electron beam and first observations of the gain on the stored spontaneous radiation, are described in section VI.
I1 -DESIGN AND OPERATION OF THE UNDULATOR
Our new undulator which we havg named N.O.E.L. (Nouvel Onduleur pour 1'Etude du Laser), has been designed / 6-1 with permanent magnets in order to avoid-the technical problems encountered with the previous superconducting undulator / 5-1, and to achieve a higher optical gain. The design energy is 240 MeV, the injection energy of the ACO storage ring.
Design of the unduZator
The magnet structure is the now classical arrangement defined by Halbach /-7-7 ( fig. 1 ) . The undulator length, 1.3 m, is the maximum length available on the ACO straight section. A new beam vacuum chamber allowed us a minimum gap of 33 mm. We have chosen to work at the maximum of the gain K " 2 which implied (with magnets having a remanent f i e l d of 0.8 Tesla) a magnetic ~e r i o d of 78 mm. These c h a r a c t e r i st i c s a r e summarized i n Table 1 .
I n t h i s c o n f i g u r a t i o n t h e maximum f i e l d a v a i l a b l e Bo, i s given by
Bo (Tesla) = 1.426 Br e-ilgiho (1) with Br t h e remanent f i e l d (0.85 T i n our c a s e ) , g t h e undulator gap and A t h e period. Table 1 C h a r a c t e r i s t i c s of NOEL F u l l l e n g t h . 
The e l e c t r o n t r a j e c t o r y i s a d j u s t a b l e by two h a l f poles l o c a t e d a t each end of t h e undulator ( f i g . 1 ) . They a r e movable independently of t h e r e s t of t h e u n d u l a t o r i n o r d e r t o a d j u s t t h e e l e c t r o n t r a j e c t o r y . The undulator gap i s continuously adjust a b l e from 33 t o 300 mm (open p o s i t i o n ) . The r i n g i s i n j e c t e d w i t h t h e undulator
opened.
The undulator i s divided i n t o t h r e e p a r t s comprising r e s p e c t i v e l y 7 , 3 and 7 p e r i o d s .
The c e n t r a l p a r t i s removable and can b e replaced by a so-called " d i s p e r s i v e sect i d n " which w i l l be d e s c r i b e d i n s e c t i o n I V . The d i s p e r s i v e s e c t i o n transforms t h e undulator i n t o an o p t i c a l k l y s t r o n / 8,9-1 i n o r d e r t o enhance t h e g a i n of t h e system. I t s l e n g t h has been chosen from t h e c a l c u l a t i o n s described i n s e c t i o n IV. 
t i o n of magnets r o t a t e d by ill2 from one p o s i t i o n t o t h e following along t h e undulator. I n t h i s s k e t c h of a 2 periods u n d u l a t o r t h e f i r s t and l a s t magnets a r e ( a d j u s t a b l e ) half-poles. The a x i s convention used i n t h i s a r t i c l e i s a l s o shown.
ENERGY = 237.5 MeV The magnetic field produced along the undulator and the trajectory in the (xy) plane of an electron traveling along this axis have been computed numerically ( fig. 1 ) . The magneLs were represented by two "charged" surfaces, the density of charge being 0 = Br / 6-/. The trajectory was calculated by integrating the Lorentz equations of motion in the limit (vX/cj2 << 1. The result is shown in fig. 2 .,The use of halfpoles at each end on the undulator allows the adjustment of the transverse velocity and deviation to zero at the output of the undulator so that the mean trajectory is parallel to the undulator axis. Each of the 3 undulators (of 7, 3 and 7 periods) composing the main undulator has been terminated by half poles so that removing the central section to insert the klystron leaves the output speed and angle equal to zero.
TechnicaZ construction
The 50 x 19 x 19 mm individual magnets have first been paired to form 100 mm long magnets in the transverse direction (cf. Table 1 ). The resulting pairs were glued on individual holders and clamped on benches ( fig. 3a) , one bench for each undulator of 3 or 7 periods. The benches are attached on 1.3 m rails which are moved vertically like a pair of jaws by variable speed D.C. motor ( fig. 3b ). The vacuum chamber design also appears on fig. 3b .
We have compensated the undulator for the individual magnet block defects by selecting the magnet emplacement along the undulator as a function of the individual magnet characteristics / 10-1. This compensation has been made in 3 steps : -measurement of the individual blocks has shown that the remanent fields varied from block to block (by ? 2 % FWHM) and that this field was not exactly parallel to the mechanical face of the pieces (* 2 % FWHM). Each block was measured and characterized by the value of the field on two ~oints A and B (fig. 4 ) . The combined effects of the field and angle dispersions induced a total field dispersion at the points A and B of 5 7 % FWHM (? 10 % maximum). Then the magnets with nearly identical "A" and "B" were paired in order to cancel the x-contribution of the field. The resulting pairs produce then at points A and B fields which are exactly two times the field previously measured at the same points. ----. -. . . . . .
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-t h e blocks were paired so t h a t the angular o r i e n t a t i o n of t h e f i e l d be compensated, a t l e a s t f o r t h e transverse (B,) component of the f i e l d ( f i g . 4 ) .
-the p a i r s have been placed along t h e undulator so t h a t each " v e r t i c a l " magnet (magnetization perpendicular t o t h e e l e c t r o n beam d i r e c t i o n ) has i t s on-axis remanent f i e l d value c l o s e t o t h e average and i s surrounded by h o r i z o n t a l magnets o f f e r i n g on one s i d e a weaker-than-average f a c e and on t h e other s i d e a stronger-thanaverage f a c e . The blocks have been chosen graphically ( i n t h e graph drawn with the magnetic measurements) so t h a t the c e n t e r of g r a v i t y of t h e f i e l d produced-by each period remains approximatively constant. For more d e t a i l s , s e e reference / 10-1.
Magnetic measurements
Magnetic measarements have been c a r r i e d out along t h e undulator a x i s with a Hall probe driven by a stepping motor. The output of t h e probe was d i g i t i z e d and t h e e l e c t r o n t r a j e c t o r y i n s i d e t h e undulator was calculated i n r e a l time ( f i g . 5) using the equations where Vx and x a r e t h e transverse speed and deviation of t h e e l e c t r o n i n the undul a t o r .
This experiment allowed us t o a d j u s t t h e half poles located a t each end of t h e undulator so t h a t the output transverse deviation and speed remain within t o l erance over t h e range of undulator gaps between 33 and 50mm. From t6ese r e s u l t s t h e displacement of t h e closed o r b i t of the storage r i n g i n t h e undulator a s function of t h e gap can be calculated from t h e o p t i c s of t h e machine 1 1 0 , l l -/ . W e have found t h a t f o r a t y p i c a l 5 m gap scan t h e p o s i t i o n and angle of t h e beam varied by 43 pm and 15 ~r a d , respectively. These values a r e compatible with gain measurements where t h e probe l a s e r beam transverse s e c t i o n a r e a i s of t h e order of 0.5 mm2 and where the gap i s scanned over a few millimeters during t h e experiment.
The success of our optimization method i s demonstrated by t h e measured f i e l d amp l i t u d e dispersion which i s l e s s than ? 1 %, except f o r t h e f i r s t and l a s t o s c i ll a t i o n s f o r which t h e end e f f e c t s cause a deviation ( f i g . 2 ) . W e have a l s o measured t h e Bx and Bz f i e l d and found t h a t they a r e smaller than 1 % of t h e main (By) f i e l d .
The power spectrum emitted-by Fhe e l e c t r o n s has a l s o been simulated using t h e Lienard-Wiechert formula 1 12-1 :
where n i s t h e u n i t vector i n the d i r e c t i o n of observation and r t h e e l e c t r o n t r ajectory. The i n t e g r a t i o n has been done numerically by transforming t h e i n t e g r a t i o n on t t o an i n t e g r a t i o n on z (forward d i r e c t i o n ) i n t h e l i m i t y >> 1 and B, << 1 which i s obvious good i n our case (E 1 240 MeV, K -2 ) . The r e s u l t i s shown on f i g . 6 and compared with t h e t h e o r e t i c a l spectpum computed from t h e numerical simul a t i o n of a p e r f e c t undulator shown on f i g . 1. The 8, f i e l d has been introduced i n t o the numerical simulations and i t s e f f e c t on t h e shape of t h e curve, has been found t o be n e g l i g i b l e . The r e s u l t i s very s a t i s f a c t o r i l y and shows t h a t our opti- Figure 7 -Pictures of the spontaneous emission of the undulator -a-at 237.5 MeV the wavelength of the first harmonic at the center is, for K=2.15, XI = 597 nm -b-at 150 MeV and K = 1.86 the wavelength emitted at the center are :
= 1100 nm (Infra-red), A2 = 505 nm and X3 = 336 nm (Ultra-violet). Since the intensity of the 2nd harmonic is nu1 in the forward direction, the center of the picture looks black. Emined wave IeWh (am) mization method has prevented t r a j e c t o r y d i s t o r t i o n s from broadening t h e s p e c t r a l width of t h e spontaneous emission and diminished the o p t i c a l gain-(the loss on the gain was about 50 % with our previous superconducting undulator / 6-1).
Spontaneous emission
The ACO storage r i n g i s i n j e c t e d with t h e undulator i n t h e open p o s i t i o n . When the e l e c t r o n c u r r e n t i s established t h e undulator i s closed down and t h e storage r i n g tunes a r e adjusted, t o take i n t o account the quadrupolar focussing e f f e c t i n t r oduced by t h e undulator / 11, 13-7 . However t h e beam l i f e t i m e s drops considerably by a f a c t o r of 2 t o 3 , when t h e undulator i s closed. This e f f e c t i s not yet understood.
The e l e c t r o n beam i s aligned with t h e undulator a x i s by an o p t i c a l technique. A white l i g h t beam i s s e n t , from o u t s i d e t h e r i n g , through t h e undulator vacuum chamber. With a telephoto l e n s system an o p t i c a l image i s made of e i t h e r t h e beginning or t h e end of t h e undulator. The e l e c t r o n beam appears as a b r i l l a n t spot, within t h e image of t h e edges of t h e vacuum chamber. The e l e c t r o n beam p o s i t i o n i s then be adjusted with t h e s t o r a g e r i n g horizontal and v e r t i c a l c o r r e c t i o n c o i l s . The accuracy of the adjustment i s * 1 mm which i s s a t i s f a c t o r y , given t h e f i e l d homogeneity i n t h e undulator.
The spontaneous emission of the undulator looks, a s usual /-1 ,5-7 l i k e a s e r i e s of concentric coloured r i n g s ( f i g . 7 ) , t h e d i f f e r e n t harmonics of t h e fundamental frequency being v i s i b l e successively from the center toward t h e e x t e r i o r . The dark spots i n t h e r a d i a t i o n p a t t e r n a t 237 MeV a r e due t o t h e dipole-like character of the emission. The photograph taken a t 150 MeV of t h e second harmonic i s dark a t t h e center since t h e even harmonics have a zero i n t e n s i t y i n t h e forward d i r e c t i o n
The s p e c t r a l d i s t r i b u t i o n of the f i r s t harmonic of t h e emitted r a d i a t i o n a t t h e center of t h e rings i s shown on f i g . 6. I t agrees well with t h e theory and magnetic simulation except i n t h e wings of t h e d i s t r i b u t i o n . The d i s t o r s i o n of t h e wings of t h e curves appears t o be due t o t h e r e s i d u a l h o r i z o n t a l f i e l d produced by t h e bending magnets of t h e r i n g with i s s t i l l about 100 Gauss a t t h e entry of t h e undulat o r . The space between t h e magnet i r o n and t h e undulator i s only 25 cm long. However t h e small discrepancies with t h e t h e o r e t i c a l spectrum should not a f f e c t t h e o p t i c a l gain, which i s proportional t o t h e d e r i v a t i v e of t h a t curve / 3, 14-7.
The r i n g p r o f i l e s have a l s o been measured i n t h e v e r t i c a l and h o r i z o n t a l d i r e c t i o n ( f i g . 8a). I n t h i s experiment a pinhole i s moved i n a transverse d i r e c t i o n , t h e monochromator being s e t a t a fixed wavelength corresponding t o t h e wavelength of t h e desired r i n g . The r i n g p r o f i l e i s q u i t e symmetric with r e s p e c t t o t h e center i n t h e horizontal d i r e c t i o n although i n t h e v e r t i c a l d i r e c t i o n t h e r e i s a d i f f erence of about 20 % between t h e two peaks. This l a s t e f f e c t could be produced by t h e r e s i d u a l Bx f i e l d i n t h e undulator / lo-/ which bends t h e e l e c t r o n beam t r ajectory i n t h e v e r t i c a l plane, leading t o asymmetry i n t h a t plane ; d e s p i t e t h e f a c t t h a t t h i s f i e l d has been reduced t o l e s s than 1 % of t h e main f i e l d by our compensation method.
Several harmonics of t h e fundamental frequency have been observed i n t h e v i s i b l e s p e c t r a l region a t low energy ( f i g . 8 b ) . The homogeneous t h e o r e t i c a l s p e c t r a l width of the harmonics i s l/nN i f N i s t h e number of periods of t h e undulator and n t h e harmonic number. The 1 s t and 3rd harmonic have t h e t h e o r e t i c a l width although the higher ones a r e d i s t o r t e d and t h e i r r e l a t i v e widths a r e limited t o about 1/55, due t o t h e r e s i d u a l undulator imperfections,the r e s i d u a l bending magnets f i e l d and t o the angular divergence of t h e e l e c t r o n beam.
The emission of the undulator has a l s o been measured i n t h e VUV s p e c t r a l range with t h e ACO storage r i n g working a t i t s maximum energy (536 MeV). One can see on f i g . 9 a t y p i c a l spectrum showing t h e harmonics ranking from number 3 t o 10. It i s appa-rent that the spectral widths-are-broadened by the angular dispersion of the electron beam (it is well-known 1 15-1 that the emittance of a storage ring grows with the energy). It appears also that the harmonics of even rank are as intense as the odd harmonics although they should vanish in the forward direction in the case of a linear undulator.
This effect is much stronger at 540 MeV than at lower energies (in the range 150-240 MeV) where the 2nd harmonic intensity, for example, has been found to be only 10 % to 20 % of the 1st harmonic. This is probably due not only to the increased emittance of the beam at 540 MeV but also to some detector misalignement and solid angle acceptance. A more detailed analysis of the VUV emission properties will be published later on.
On figure 9 , the harmonics of rank higher than 7 are very small in comparison with the theory (see fig. 24 in section V). This is due to the spectra; response of the monochromator which falls off for wavelengths smaller than 200 A. At 240 MeV harmonics ranking as high as number 23 have been observed. We conclude this undulator wi;l constitute a suitable source of radiation in the V W region in the range 1000-80 A. Absolute measurements of its brillance are now underway.
Gain Measurements
The optical gain experienced by an external argon laser beam aligned collinear with the electron beam inside the undulator has been measured with the new permanent magnet undulator NOEL. The experimental method has already been described / 3,4,5-7
The basic idea behind the gain measurement is recalled here rapidly. A CW argon laser is made colinear with the electron beam inside the ring (with the aid of two optical transport lines through the bending magnets). If there is gain (or absorption) a high frequency modulation appears on the laser light. This frequency is just the electron bunch revolution frequency in the ring (27.2 MHz). A lock-in detection is used to measure the signal. In addition the argon beam is chopped at a low-frequency and a second lock-in detection is made, in order to eliminate the high frequency contributions not arising from the argon laser amplification process such as the spontaneous emission and parasitic signals. The system is calibrated with the synchrotron radiation. The sensitivity in gain is about A typical gain profile versus the gap of the undulator is shown on fig. 10 . The measured curve agrees very well with the theory, as expected from the spontaneous emission measurements. Even the small oscillations corresponding to the derivative of the wings of the spontaneous emission curve are visible and the width of the A curve (6K/K = 0.28) is very close to its theoretical value (0.27). The peak gain G is found experimentally to be :
From the classical theory of the FEL's gain the numerical value of the gain can be expressed as :
the length L of the undulator, being expressed in meters, E in GeV, the undulator period lo in cm, Bo in Tesla and pe in Ff is the filling factor which can be calculated from the overlap integral between the electron and laser beams. For coaxial gaussian beams :
wo is the laser beam waist and 0 and ov the electron beam transverse sizes.
h
The measured electronic density, versus different currents in the storage ring, is shown in fig. 11 . The parameters of interest (transverse sizes and length of the figure 3 ). The huge loss in electronic density arises probably from the higher electrical impedance of the new chamber. From the measurements, with wo = 0.8 mu, the filling factor for the current at which the electi-onic density is maximum is : Ff = 0.8 and the corresponding value of the gain is : G = 2.5 x at 632 nm peak = 1.7 x at 488 nm. This last value is in very good agreement with the measured one, the small discrepancy falling within the uncertainty in the electron beam dimensions for the calculation of the theoretical gain. However this gain value is smaller by a factor of three than was expected from the measurements of the electron density in the ring before installation of the undulator.
We plan to improve the electron density in the near future by "smoothing" the undulator vacuum chamber and possibly by inserting a second, high frequency, RF cavity in the storage ring.
It would be very difficult to make the system oscillate with such a low gain even with a high quality optical cavity (see section VI). For this reason we have tried to enhance the gain by modifying the undulator and operating it as an optical klystron.
I11 -BUNCH LENGTHENING MEASUREMENTS
Laser induced bunch lengthening is believed to play a critical role in the determination of the power output and efficiency of storage ring FEL's,In a non-isochronous storage ring FEL, the energy spread induced by the laser is believed to set an upper limit to the laser power output and efficiency. Analyses of the mechanism have been published for the idealized SRFEL by Renieri, Elias, and others 1 5,16,17,18,21-1. In order to test these theories, and to establish an experimental data base for future development of the SRFEL we have devised a sensitive method to measure the laser induced change in the electron bunch length. This method is capable of measuring the absolute bunch with a precision of l %, and fractional changes in electron bunch length as small as 1 part in 105. While the results that we have obtained agree with the theory in the low current region, the parameters which determine the electron bunch length and energy spread as a function of current can lead to a number of anomalous effects at high current,including laser-induced bunch shortening.
The experimental set up is shown in fig. 12 . That part of the experimental set up which concerns the external laser, undulator and the storage ring is similar to the one used for gain measurements on ACO / 3-1. An argon ion laser is coupled to the electron beam in the undulator through a mode matching telescope system and optical transport system. Synchrotron light from a bending magnet on the storage ring is detected on a fast photodiode. The detector's location at the bending magnet was chosen to prevent any spurious light from the laser or undulator from reaching the photodiode. The signal from the photodiode is sent via a low dispersion coaxial cable to an AILTECH 757 RF Spectrun Analyzer. The analyser is interfaced directly with the computer used for data aquisition for global spectrum analysis. When monitoring the bunch length changes, the analyzer is operated in the receiver mode tuned to a harmonic of the orbit frequency. The analyzer output can either be fed into a lock-in amplifier for synchronous detection at the frequency of the laser chopper, or be time averaged using an averaging digital oscilloscope. In all cases the detected signal is fed into the data aquisition system together with the storage ring parameters including the RF voltage, the storage ring current, and the output power of the external laser.
The synchrotron light emitted by the electrons in a bending magnet of the storage ring has the form of a series of pulses whose period is fixed by the orbit frequency and whose envelope is determined by the electron bunch shape. The Fourier transform of the signal from the photodiode will be a comb spectrum whose envelope (corrected for the photodiode's frequency response) will be the Fourier transform of the electron bunch shape. Fig. 13 shows the global frequency spectrum of the signal from the photodiode. This data is not compensated for the photodiode response. Under idealized condition, the electron pulse shape should be gaussian /-15-7 and the Fourier transform of the synchrotron light should have a gaussian envelope. The measurements on ACO confirm this model to high precision. For a typical 200 picosecond electron bunch, the envelope of the Fourier transform, corrected for photodiode frequency response, can be least-squares fit to a gaussian with an uncertainty below 2 % and a mean-squared correlation exceeding 98 %. In fig. 13 the envelope shown corresponds to a temporal bunch length of 665 picoseconds. The meansquared correlation is better than 99 %.
Assuming a gaussian electron bunch shape, the power spectrum F (w) of the photodiode output will have the form : 2 2
where P (a) is the response of the measuring system, a the temporal bunch length, and w the detection frequency. If the detection frequency is fixed and the temporal bunch length changes from oi to of, the detected signal varies with the electron where na2 is defined as o2 -a2 . The fractional change in signal amplitude is def i termined by the absolute change in the bunch length, and scales as the square of the detection frequency. Note also that the fractional change in the detected signal is unaffected by the response of the photodiode.
Given the value of log F (a) at a particular frequency, bunch length change measurements can be performed in several different ways. Steady-state measurements can made simply by monitoring the dc component of the signal. This was the method used in the first measurements made by this system in May 1981, using the superconducting undulator originally mounted on ACO /-5-7. Synchronous detection can also be used, by chopping the external laser at a frequency below the energy damping rate of the ring, and by using a lock-in detector to measure the amplitude of the resulting periodic change in log F (w). The time response of the electron beam to the chopped laser beam can be measured by recording the time-dependent waveform of log F (w) on an averaging oscilloscope.
The sensitivity and precision achievable by these frequency domain measurements is superior to that achievable with the available temporal methods. While streak cameras have comparable resolution, precise absolute measurements require multiple corrections for electron transit time spread and film density. No such corrections are required in our frequency domain measurements in which transit time spread in the photodiode has no effect on the detected signal.
Measurements were performed in the Low, moderate, and high current regimes. Fig. 14 shows the time averaged response of the electron bunch length to the chopped external laser in the low current region (less than 1 mA total average current).
Note that a fall in F (o) in 15 shows the experimental and theoretical bunch lengthening curves at low current and the spontaneous emission power at the external laser wavelength as functions of the gap between the pole faces of the permanent magnet undulator. For the permanent magnet ACO undulator, the wiggler parameter K and resonance energy yo can be computed from the gap spacing using the relations : The upper trace shows the time dependence of log F (a), the power output of the photodiode detector at the 1062.2MHz harmonic of the orbit frequency. As described in the text, an increase in the bunch length reduces the amplitude of log F (w). The lower trace records the laser intensity incident on the electron beam.
Theoretically the bunch lengthening curve-and the spontaneous emission curve should have the same functional form / 5-1. This prediction is also confirmed by fig. 15 . Note that the maximum of the curves occur at a gap of 36.7 mu which corresponds to a K of 1.93. The maximum signal shown corresponds to a bunch lengthening of 6 7,. The experimental curve in fig. 15 was recorded using synchronous detection.
In the moderate and high current regimes, important anomalous effects appear which are not accounted for by the simple bunch lengthening theory. These effects include space charge modifications to the RF accelerating potential, and the interactions of the electron beam with the electromagnetic modes of the vacuum cavity. The omission of these effects in the existing bunch lengthening models results in their failure as the current is raised. Fig. 16 shows the response of the electron beam to the external laser at three different operating points in the moderate current regime. Note that the bunch lengthening signal in fig. 16a is 180" out of phase with the signal in fig. 14. This phase change is reproducible and indicates the electron bunch length was reduced by the external laser. In contrast to the electron bunch heating in fig. 14, the laser cooled the electron beam in fig. 16a .
The response of the electron beam varies as the current decays and various thresholds-that are present in the anomalous bunch lengthening regime are crossed / 19-1. Anomalous bunch lengthening effects are seen in ACO when the average stored current exceeds 1 mA. Another typical phenomena in this regime is that shown in fig. 16b . Here a complicated multiple time constant structure appears in response to the laser. Fig. 16 c shows oscillations in the bunch length which also occur in the anomalous regime.
While the low current bunch lengthening data is consistent with existing theoretical models, the qualitative and quantitative discrepancies at high current indicate that effects present in this regime can dramatically alter the excitation of the electrons by the laser. These results indicate that the theoretical models must be modified to include high current effects. It is possible that the observed laserinduced cooling may have significant practical implications for storage ning FEL's and in synchrotron radiation and colliding beams research where it is desirable to maximize the charge density at high current.
IV -OPTICAL KLYSTRON
An optical klystron has been realized on the Orsay system to increase the gain per pass which is limited by the short length of the straight sections. This objective is made possible due to the low natural energy spread of the ACO storage ring. We report here the optimization of the dispersive section and discuss the spontaneous emission measurements taken during the last two experimental shifts before the summer shut-down. An oscillation experiment has also been carried out with the klystron, and the results are reported in section VI.
4"9'l;s-f he notation of the theoretical description of optical klystrons in reference
Optimization of the dispersive section -a high enough magnetic field turned out to be im>ossible to achieve with regular electromagnets without an expensive water cooling system.
-the use of the same technology as for the undulator sharply reduces the construction time.
The permanent magnet system has the disadvantage of having a constant field that in all three photographs shows the
resoonse of log F (w) (increasing portion is shown) can only be changed by adjusting the gap between the jaws. The use of the same mechanical system for undulator and dispersive section couples the undulator and dispersive section field variations with the gap and only permits a one-time adjustment of the relative field amplitudes.
As in the case of the undulator, the magnets were first paired and glued into 100 x 19 x 19 mm magnet bars, and then arranged as described below to form the dispersive section. The three central periods of the-original 17 period undulator had been made physically separable from the others 16-1, for this purpose and could be easily removed to make way for the 12 magnet long dispersive section.
n We have studied the configuration of{ 9, 6-n, n, 6-n, -} magnet elements arranged 2 2 vertically and hori.zontallv as i + V, + H, -V, -H, + V 1 respectively (see fig. 17 wh?ch presents two layers of such a configuration for n = 3). This configuration was chosen because if n is an integer, the smallest magnet element is a half pole, the above distribution gives twelve elements, and is automatically compensated for orbit angle and position deviations since the field integral is zero and the field is symmetric with respect to the middle. where m is the electron mass, e the electron charge, c the speed of light, d is the dispersive section length (12 magnets long) and B(z) the vertical magnetic field created by the dispersive section magnets at the longitudinal coordinate z. ~( z ) and therefore Nd are calculated on and off axis oQ the dispersive section. The table 2 gives the calculated on axis Nd at X = 6328 A , ymc2 = 240 MeV for one layer of magnets with a remanent field of 8.5 kG and a gap of 32 mm.
The optimal value of n = 3 was chosen for our system. The table 3 shows Nd for n = 3 and m layers of magnets. We have also calculatedu y the corresponding rela-?/ tive energy spread for which the O.K. gain would be o~tlmized, using the formula (6) where N = 7 is the number of periods of one of the two identical undulators constituting the optical klystron. Table 2   Table 3 Since the ACO energy spread is close to 10-3 at nominal current, we chose m = 2. Fig. 17 shows the retained configuration.
Each magnet of the external layer (the one farthest from electron beam) was individually glued on an aluminium piece that was clamped on a bench as for the undulators. Magnets of the internal layers were glued to those of external layers. Because of the remanent field variation in magnitude and direction, the magnets were individually measured and a careful pairing was done to compensate for the horizontal components of the field 1 6-1. The two jaws were made as symmetric as possible and the strongest magnets were placed on the ends to allow final orbit compensation by moving these adjustable magnets away from the axis of the electron beam (see fig. 1 
) .
The measured magnetic field was very close to the calculated field (shown on fig.  18 ) for the whole optical klystron) with a 1.08 field scaling factor that could originate from a misestimate of the magnets1 remanent field for the calculation. The calculated trajectory is shown in fig. 18 , which shows a large wiggle of about 2 mm amplitude for an electron energy of 240 MeV and a gap of 33 mm. Figure 19 shows a spontaneous emission spectrum at an energy of 240 MeV for a gap of 37.79 mm at low current in the ring.
Spontaneous emission measurement
We have compared the envelope of the oscillations with that of the emission spectrum of a perfect undulator having exactly N sinusoidal periods, the field outside these periods being exactly zero. The emission spectrum dI/dX of such an undulator is :
with where AR is the resonant wavelength. Fitting the envelope to curves given by (7) gives N = 8.1 * .1 instead of 7. This discrepancy is probably due to the dispersive section field which could be partly resonant with the other 7 periods. It is certain- ly not due to the fringe field of the half periods which slightly decreases the effective number of periods. The envelope of oscillations also presents a long lower wavelength tail with the secondary maximum amplitude lower than expected. This effect was also seen in the 17 period undulator emission curves and might be due to the field imperfections or residual transverse field components. Similar curves of emission were obtained as function of energy or field in the dispersive section (by changing the gap).
VERTICAL MAGRETIC FIELD
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Plotting the number of the maxima as a function of -, we verified a high linearity X of Nd as a function of (0.9999 correlation coefficient in the range 0.3<A<0.7~ ) . From the slope, we can calculate the e~perimental~values of Nd which is Nd = 65.3 * 0.2 at ymc2 = 240 MeV and A = 6328 A for a dispersive section gap of 35.00 mm. This value is close to the value Nd = 68 predicted from the field measurements. The discrepancy could be due to the Hall probe calibration, the storage ring energy calibration, or the error in the calculation of Nd produced by neglecting the undulator field in the fringe field of'the dispersive section. Note that these values are lower than in table 3 becauseothe gap is wider. The resonance between the electrons and the light at A = 6328 A can be maintained at low energy by increasing the gap (to decrease the undulator field). From field calculations one expects Nd 2 86 at 150 MeV, and in fact we measured Nd = 84 2 5.
No beam time has yet been available to make direct measurements of the gain of the klystron. However, evidence of improvement of the optical klystron gain compared to the undulator gain has appeared in the spontaneous emission amplification experiments (section VI). From the spontaneous emission curves, one can expect a maximum gain enhancgment of 5.2 f compared with the 17 periods undulator at 240 MeV and A = 6328 A, the factor f < 1 represents the gain decrease due to inhomogeneous broadening / 9,20-/. This factor-can-be accurately deduced from the emission spectrum which is proportionnal 1 20-1 to 1 + f cos (2TrNd).
Assuming the-contributions to inhomogeneous$roadening to be independent and weak, We assume the horizontal and vertical axis are the proper axis of the ellipse representing the electron beam in the transverse plane. In the rare cases where it is not true, one would have to take x and y for the real proper axis. 9 = 3.4 x mm-' was deduced from field measurement, this value is just 10 % lxwer than that anticipated from the field calculation. These calculations also. On ACO at 240 MeV, the energy spread increases from 2 x (a, = 0.18) at very low electron current to more than (ol = 0.89) at high currlnt. The decrease of the modulation rate of the spontaneous emission curve as a function of current has been experimentally confirmed, giving 0 2 0.78. This value, taken at 240 MeV with an average current of 100 mA in two bunches with sextupoles, corresponds to a relative energy spread of 8.6 x 10-4.
The angular divergence contribution was also checked by artificially increasing the beam divergence. This can be done either by exciting transverse oscillations in the beam by using a broad band noise source applied to an electrode in the vacuum chamber, or by acting on the quadrupole current to change the beam focussing.
An estimation of f, can be obtained by operating at extremely low current and taking all precautions to minimize the inhomogeneous effects. The best modulation rate obtained is f 0.935. If we substract the theoretically calculated effects due to energy spread, angular spread and monochromator bandwidth, we find fm ,< 0.98. This confirms that the dispersive section was well compensated.
In the usual case Nd >> N, one finds from equations (9) to (13) that a is always proportional to l/h except for the monochromator contribution proportional to 111 2. This proportionality was verified by calculating 0 from the measured modulation rate on the first three harmonics. After deconvolution with the monochromator response we obtain in the same experimental configuration :
This table confirms the optimisation of the dispersive section strength on the fundamental. The modulation rate and therefore the bunching efficiency decrease in the U.V. An optimization of the gain on the 3rd harmonic would necessitate a lower dispersive section field.
Harmonic number o
For an off-axis injected beam a 2, 03, a4 and o5 are larger L-9,20-7. The useful aperture of the optical klystron has been found experimentally by observing the dependance of the modulation on the observation angle. Defining the aperture as the domain in which < I , which means the gain and modulation rate are decreased by less than e-.5 = 0.6, we find : From the start of the Orsay FEL project, it has.been clear that extraordinary measures would be needed in order to succeed in an audacious enterprise to achieve laser oscillation in the first machine of its kind -a storage ring laser -on a system on which the maximum round-trip gain available was on the order of 10-~.~he implications were clear : all possible loss mechanisms in the optical cavity had to be reduced to a minimum and the highest possible gain had to be achieved. Furthermore, it was apparent that precise measurement systems had to be designed and implemented to permit measurements of both the gain and the cavity losses. The gain measurements was needed to verify the numerical factors in the theory and the optical cavity measurement was required to show whether the high Q of a mirror pair could be maintained despite exposure to the radiation environment produced by the operation of the storage ring and the undulator.
As a response to these needs, the optical cavity was constructed of two mirrors inside the 10-10 torr vacuum of the storage ring ACO in order to eliminate the losses inherent in a set of intracavity Brewster windows. The gain, which is small due to the short length of the straight sections in ACO, has been optimized through the implementation of a set of beam-stabilizing sextupoles in the storage ring magnetic lattice ; the measurement and selection of the optimum operating point as a function of machine energy and current;and the installation of an optical klystron as was discussed in the third section of this review,The gaig measurement system and some of the results have already bee5 reported / 3,4,10-/ and are by now well known. It is the purpose of this section of our review to discuss the cavity measurement systems we have constructed and to present the first results.
Q measurement techniques
We have worked with four mirror pairs, as shown in table 4, during our experiments with the high-Q optical cavity. These mirrors were polished to have the lowest possible surface roughness, and were coated with (typically) z4 layers 8f Ti02 and SiO2 to produce high reflectors optimized at either 6328 A or 5145 A. These wavelengths were chosen to permit measurements of the cavity Q with an external laser. The radius of curvature is either 3 or 6 m and the usable diameter of the coated surface is 16.5 mm.
We have used two independent techniques to measure the quality factor or f! of the optical cavity. The first technique uses the spontaneous emission of the undulator which is adjusted to emit at the center wavelength of the mirrors. The axis of the optical cavity is aligned to the axis of the electron beam propagating in the undulator, and the spontaneous emission fills a certain number of eigenmodes of the cavity. The intensity in each of these modes builds up until the losses per round trip equal the spontaneous intensity radiated into that mode per round trip. Despite the fact that the transmission of the mirrors is typically 3 x loe5 the cavity Q is large enough to create an intense stored beam whose transmitted intensity is clearly visible to the naked eye. It is through the intensity and symmetry of this spot that the cavity is aligned on the electron beam. Figure 20 -At the top is a schematic of the apparatus used to measure the cavity Q of the FEL optical cavity. The curve at the bottom is the time dependence of the light stored in the cavity once the mirror separation is correctly set. The secondary peaks are due to reflections in the electronics.
The electron bunch length 0 a 400 psec is short compared to the cavity round trip time To = 36.7 nsec, so thak the cavity Q can be measured by observing the time structure of the stored light. As shown at the top of fig. 20 , the light transmitted through a cavity mirror is detected by a fast photomultiplier after filtering out the portions of the spectrum which are transmitted through the cavity mirror with little or no reflection. The length of the ACO storage ring laser cavity can be adjusted to equal precisely one quarter of the storage ring circumference. In this configuration the light pulse emitted on one pass by the electron bunch is superimposed exactly on the pulses stored in the cavity by previous passes, and the stored optical pulse length has its minimum length. By minimizing the observed pulse length at the output of the optical cavity we can adjust the mirror separation to bring the stored optical pulses into superposition with the electron bunch (this technique also solves the length alignment problem for the oscillation experiment -see the next section). A scan taken with a boxcar averager of the time structure of the stored light is shown at the bottom of fig. 20 under the minimum pulse length conditions. The secondary peaks are reflections in the electronics. Note that this experiment is typically performed with two bunches in the storage ring so that a new light pulse is added for each round trip in the optical cavity.
The output mirror of the cavity, which is mounted on a micrometer driven precision translation stage, can be displaced to change the cavity length by a known amount Al. Now the stored light pulses are longitudinally displaced by 2 A1 per round trip from the new pulse contributed by the electron bunch on each pass, and as they decay, they create an exponential tail whose decay time T is related to the cavity Q or the loss coefficient r and the mirror displacement by the relation Two measurements by this method of the total cavity losses r are shown in fig. 21 .
This technique has the advantage that it can be performed rapidly during the oscillation experiments without disturbing the conditions of optimum alignment. The curves of figure 21 are the convolution of the aligned cavity time structure of figure 20 with a one sided exponential. The data reduction may be simplified by taking advantage of a remarkable property of the exponential : if we convolute instrument function f(t) which is zero for t < -6 where 6 is related to the width of f (t)
with a one-sided exponential g(t)
it follows that : at h(t)=f(t)* g(t) = e xconstant t < -6
In other words, the exponential decay visible in figure 21 is, within suitable limits, exactly the decay time of the cavity. A simple fit to an exponential is therefore sufficient to calculate the cavity Q through (14). In practice, precise measurements have been difficult due to the noise present at low signal levels and due to an instrumental baseline drift problem. For this reason, we have also acquired data with another technique which we had developed to measure the mirrors before insertion into the storage ring vacuum.
The second cavity Q measurement method 1-22,23-7 is a phase shift measurement on an intensity modulated external laser. The cavity mirrors are aligned onto the laser as a Fabry-Perot, the laser input is modulated at frequency w with a Pockels cell, and the phase of the intensity modulation of the transmitted beam is measured with the digitized output of a two phase lock-in amplifier. The phase is retarded due to the multiple reflections in the cavity, and the phase shift is related to the total losses in the cavity through the relation t
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Figure 21 -Two t r a c e s of t h e time dependence of t h e l i g h t stored i n t h e c a v i t y a r e shown f o r a c a v i t y length misalignment of 3 mm ( t h e c a v i t y i s too s h o r t ) . These curves were taken on t h e same s e t of mirrors A) a f t e r exposure t o t h e undulator l i g h t a t K = 0.89, and B) a f t e r exposure a t K = 2.13 (see t a b l e 6 ) . The exponential t a i l i s c l e a r l y v i s i b l e on t h e l e f t hand edge of the pulses, and t h e decay time becomes smaller as t h e l o s s e s increase. where T , t h e decay time of t h e c a v i t y (of length L) i s determined from
The absorption c o e f f i c i e n t i n a i r , T~, must be taken i n t o account f o r high Q or long c a v i t i e s . 
The method has been t e s t e d by measuring t h e phase s h i f t a s a function of t h e separ a t i o n of t h e two mirrors and
v i t y decay time i s p l o t t e d against t h e inverse mirror se-
paration during one of t h e measurements of the mirrors Ble and B~E , i n a i r . The curve should be l i n e a r , with slope r e l a t e d t o the c a v i t y l o s s e s r and i n t e r c e p t given by t h e l o s s e s i n a i r .
A s expected, t h e points f a l l on a s t r a i g h t l i n e , t h e slope of which gives t h e l o s s e s of t h e mirror p a i r . The r e s u l t f o r the t o t a l l o s s e s i s an amazing 7.8 x 10-5 on average per mirror (transmission + absorption + s c a t t e r l o s s ) . Other mirror s e t s we have measured have been l e s s good (see t a b l e 5 ) . The i n t e r c e p t i s t h e absorbtion i n a i r on t h e day of t h e measurement, and is in-agreement with the absorption c o e f f ic i e n t s given i n t h e Handbook of o p t i c s / 25-/. The method has a l s o been v e r i f i e d by d i r e c t l y measuring the decay time of t h e l i g h t i n t e n s i t y b u i l t up i n t h e c a v i t y which i s f i l l e d by a l a s e r beam chopped by a pockels-cell. Although t h e l a t t e r method makes i n e f f i c i e n t use of time during t h e averaging process and i s therefore l e s s accurate, t h e two measurements agree within the e r r o r bars.
The phase s h i f t method i s both rapid and p r e c i s e : i n 30 seconds of averaging, we obtain a measurement with a precision of 1 %. It has been used t o measure a l l of our mirrors before i n s e r t i o n i n t o t h e vacuum, and once t o measure the performance of t h e mirrors i n t h e vacuum. I n t h i s l a t t e r measurement an argon l a s e r was transv e r s e l y modematched i n t o the FEL c a v i t y mounted on t h e storage r i n g . The experiments were performed with no e l e c t r o n beam i n t h e r i n g i n order t o eliminate the synchrot r o n l i g h t which i s more intense than t h e mean transmitted l a s e r power. W e expect t h a t i n a f u t u r e experiment we w i l l be a b l e t o perform these measurements i n the presence of t h e e l e c t r o n beam by f i l t e r i n g out t h e unwanted synchrotron l i g h t and s h i f t i n g t h e undulator r a d i a t i o n wavelength away from t h e argon l i n e .
Measurement of i n i t i a l Q degradation
We observe two different problems with the FEL cavity. The first is that the losses increase when the mirrors are placed in the vacuum, Table 5 shows the measurements made on two mirror sets before and after their insertion into the storage ring vacuum. The losses increase by 3 to 7 x 10-4 per mirror.
A series of measurements show that exposure to the vacuum itself does not further increase the mirror losses after the initial degradation takes place. The losses were measured continuously for 20 hours after the pumpdown and the opening of the valves which isolate the mirror chambers from the storage ring vacuum. No change was observed within the accuracy of 2 x lo-' (A small change was observed due to drift in the laser alignment, but the effect disappeared upon realignment). There is no long term physical degradation in the vacuum such as might be caused by sputtering of Ti from the ion pump. A test was also made for the effect of degassing the hot cathode ionization gauge, with a null result.
At present, the cause of this initial degradation has not been identified. A simple calculation shows that the change in reflectivity is about 50 times larger than could be explained by the bulk index contribution of a 3 % concentration of water vapor trapped in and then pumped out of the coating materials. It remains possible that physical defects such as voids or delaminations are created in the multilayer structure during pump-down, and that these defects increase the scatter losses of the mirror. These possibilities are presently under investigation. It would also appear from table 5 that the mirrors may have been polluted with forepump oil during pump-down, which would add to their absorption. As we improved our techniques, we observed that the initial degradation became smaller, and now all possible measures are taken to avoid backstreaming of pump oil. The mirrors are installed in the chambers under a positive pressure of evaporating liquid nitrogen ; prepumping is accomplished with oil free membrane and sorption pumps followed by a turbomolecular pump ; and the ion pump is started at a pressure of about 1 x 10-7 Torr. Titanium sputtering from the ion pump is unlikely during turn-on since no plasma discharge occurs at this pressure. We note in passing that the mirror in the lineof-sight of the electrons receives a typical dose of 75 Roentgens of hard gamma radiation during a short injection of the machine. Again within the precision of 1 x 10-5, no change was observed in the cavity losses before and after such an injection.
Measurement of UV -induced Q degradation
The second major problem observed with the FEL cavity is that its losses increase when the undulator light strikes the mirrors surfaces. Since there is no shift in the transmission curve of the mirrors before and after exposure, either in wavelength or in magnitude, we conclude that the mirror degradation occurs in either the absorption or the scattering channels.
We have made several measurements of the degradation rate, which are summarized in table 6.
In all cases, the mirrors used are multilayer dielectric stacks of X/4 optical thickness of Ti02 and Si02 with a X/2 overcoat of Si02. The mirrors which have been measured vary in peak wavelength and radius of curvature as indicated in table 1. Measured transmission is typically 3.10-5.
The first two columns of table 6 show the degradation rates observed on the same pair of mirrors and under optimal conditions for the measurement. The axis of the laser cavity had been well aligned to the electron beam, and no other measurements distracted our attention so that the experimental conditions were fully documented. This run was planned after the degradation has proceeded to the point where further subthreshold cavity experiments were of no value, and as a result the cavity losses during the experiment, r = 4 x 10-3, were rather high. The low errors on the measurement of the degradation rate were made possible by using the phase shift method with which we were able to measure small changes in the total cavity losses with an accuracy of 0.5 %. The degradation rate quoted is for the cavity as a whole ; individual rates of change cannot be directly inferred from the data in the first column because the two mirrors receive an unequal dose of high frequency light. Table 6 The degradation rate in the second column was measured with an obstruction in place between the two cavity mirrors. Under these conditions, the rear mirror is totally shielded. The degradation rate drops by more than a factor of four. Two explanations are possible for this effect. Either the damaging radiation is stored in the cavity, or the degradation rate slows markedly in the region r = 4 x 10-3. We do not yet have enough data to distinguish between these two possibilities, and the possibility that the reflection coefficient is large somewhere in the UV cannot be rejected. 
Indeed, i n t h e wavelength range above 500 A (25 eV),-Si02 by i t s e l f has a r e f l e ct i o n g o e f f i c i e n t which v a r i e s between 5 % and 22 % L 26-1, with a sharp peak a t 1200 A. In a multilayer stack i t i s l i k e l y t h a t t h e phase conditions f o r high r e f l e c t i o n w i l l be s a t i s f i e d a t one o r several harmonics of the undulator. W e plan t o measure t h e r e f l e c t a n c e of these mirrors deep i n t o t h e UV i n order t o quantify t h i s hypothesis.
Another prove of t h e nature of t h e e f f e c t i s provided by t h e r e s u l t s of an experiment i n which a 6328 1 mirror(A16) which had previously been exposed, was heated i n a i r t o 285' f o r 12 hours. The measured l o s s e s of t h i s mirror recovered from 12 x t o 3.7 x lov4 a f t e r treatment. The remaining l o s s e s a r e c l o s e t o t h e value before exposure t o t h e undulator l i g h t but a f t e r i n s e r t i o n i n t h e vacuum. These r e s u l t s prove t h a t t h e radiation-induced l o s s e s seems r e v e r s i b l e , but i n d i c a t e t h a t t h e i n it i a l vacuum-insertion l o s s e s a r e probably i r r e v e r s i b l e .
W e have v e r i f i e d t h a t t h e "rear" mirror of t h e c a v i t y ( t h e one which i s not i n the line-of-sight of the e l e c t r o n beam) a l s o degrades with time. The mirror p a i r from t h e batch Z a were measured i n a i r before i n s e r t i o n i n t o t h e vacuum and again i n a i r immediately a f t e r they were extracted from the vacuum a t t h e end of the s e r i e s of experiments with t h a t mirror s e t . Fig. 23 shows t h e l o s s e s per mirror which were deduced with t h e a i d of a t h i r d known mirror i n t h e phase s h i f t experiment we have described above. The l o s s e s were measured a s a function of p o s i t i o n on t h e mirrors by displacing t h e measured mirror on a g r i d and r e a l i g n i n g t h e c a v i t y point by point. Figure 23 -The l o s s e s per r e f l e c t i o n a f t e r exposure of the forward ( i n the l i n eof-s i g h t of t h e e l e c t r o n s ) and r e a r mirrors a r e p l o t t e d as a function of p o s i t i o n on t h e mirror surface. The c i r c l e s represent surfaces of constant r e f l e c t i o n l o s s .
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The lower c i r c l e , a t 4 x 10-4 (R = 99.96 %) shows the l o s s l e v e l per mirror before exposure, which v a r i e s between 6 x and 4 x 10-4 across t h e surface. Degradat i o n occurs i n both mirrors, although i t i s most severe i n t h e mirror d i r e c t l y bathed i n t h e undulator l i g h t . The d a t a strongly suggests i n t h e l o s s e s of t h e forward mirror the presence of a l a r g e hump c u t off a t t h e edge by t h e mirror holder during t h e measurement.
There i s an extremely sharp increase i n t h e measured l o s s e s when t h e stored mode h i t s t h e edge of the mirror holder and d i f f r a c t i o n l o s s e s become large. The r e s u l t s a r e presented over t h e range f o r which t h e d i f f r a c t i o n l o s s e s i n t h e measurement system a r e n e g l i g i b l e compared t o t h e mirror l o s s e s . The s i z e of t h e mode i n t h e c a v i t y was about one half millimeter i n f u l l width, which i s smaller than t h e separation of t h e p o i n t s on t h e g r i d (1.3 mm) . A number of aberrant points appear t o be due t o point d e f e c t s o r t o dust p a r t i c l e s adhering t o t h e surface.
While t h e forward mirror has degraded t o rs 4 x depending on t h e point which t h e mode touches, t h e r e a r mirror has a l s o degraded t o rn 2 2 x loW3. P a r t , but not a l l of t h i s d i f f e r e n c e i s explainable by t h e length of time it takes t o a l i g n t h e FEL c a v i t y t o t h e e l e c t r o n beam, during which time t h e r e a r mirror i s not f u l l y exposed t o t h e r a d i a t i o n r e f l e c t e d from t h e forward mirror. The transv e r s e dependance of t h e l o s s e s of t h e forward mirror resembles a symmetrical hump which i s cut-off by t h e aperture of t h e mirror holder. This behaviour, which i s even more obvious from t h e numbers than from t h e t h r e e dimensional p l o t , i s probably due t o a small (% 2 mm) displacement of t h e cavity mode with respect t o t h e geometric center of t h e mirror.
The r e s u l t s of t h e measurements made on a second s e t of mirrors appears i n t h e t h i r d and f o u r t h columns of t a b l e 6. This d a t a was taken with t h e length-shifted c a v i t y decay time technique. The curves of f i g . 21 a r e s e l e c t e d from t h e s e t s of before-and after-exposure measurements, and were used i n t h e c a l c u l a t i o n of t h e degradation r a t e i n t h e f o u r t h column. A f i r s t measurement a t low beam energy shows no measurable degradation, whereas a t high energy t h e degradation r a t e i s enormous. The high degradation r a t e observed on t h i s mirror s e t i s n e i t h e r due t o t h e condit i o n s of t h e exposure, which was well controlled, nor t o t h e wavelength of oper a t i o n . I n f a c t , as we learned subsequent t o t h e experiment, these mirrors were f a b r i c a t e d under conditions leading t o t h e presence of a T i impurity i n t h e Si02 l a y e r and a S i impurity i n t h e Ti02 l a y e r . W e a t t r i b u t e t h e poor performance of t h i s mirror s e t t o t h e impurities. This conclusion i s supported by t h e independant observation of a high degradation r a t e of s i m i l a r mirrors exposed t o t h e plasma discharge of a HeNe l a s e r .
The importance of t h e measurements i n t h e l a s t two columns of t a b l e 6 l i e s i n t h e comparison between t h e two, and not i n t h e i r absolute magnitude. The degradation r a t e i s reduced by more than a f a c t o r of twenty by reducing t h e energy of t h e e l e c t r o n beam t o 150 MeV. This occurs because of t h e concomitant reduction i n t h e undulator magnetic f i e l d which i s necessary t o maintain t h e wavelength of t h e fundamental.
A t high values of t h e undulator f i e l d parameter K, t h e high harmonics of t h e undul a t o r r a d i a t i o n become extremely i n t e n s e . I n t e g r a t i n g over t h e spectrum of each harmonic, we f i n d / 27-1 f o r t h e odd harmonics and where N = 17 i s t h e number of periods i n t h e undulator, R = 275 cm i s t h e mean d i s t a n c e from t h e undulator t o t h e mirror surface, I the average e l e c t r o n c u r r e n t , n t h e harmonic number, and K = e~X~/ 2 m n c 2 i s t h e wiggler parameter. Fig. 24 shows t h e dependence on K of t h e harmonic spectrum f o r t h e case i n which the energy of t h e e l e c t r o n Beam i s adjusted t o maintain t h e wavelength of t h e fundamental constant a t X = 6328 A . Note t h a t these a r e universal curves. For a given K, t h e amplitude depends only on t h e energy, t h e number of periods i n t h e undulator, and t h e d i s t a n c e from t h e source. The undulator period only a f f e c t s t h e photon energy s c a l e f a c t o r of t h e t h o r i z o n t a l a x i s . I n a r e a l undulator, t h e even harmonics w i l l e x i s t a l s o JOURNAL DE PIXYSIOUE L-5, 10-7, due to magnetic field imperfections, and of course the spectrum of each harmonic line will depend on the phase space of the electron source. It is clear that the reduction in harmonic intensity produced by the reduction in energy from 230 MeV to 150 MeV is enormous. As shown in table 6 , the third harmonic drops by a factor of eight, while the fifth harmonic drops by a factor of thirty six. Since the degradation rate drops by more than a factor of twenty, we conclude that it is not the third harmonic which is primarily responsible for the degradation. All other harmonics are still possibilities as we have no lower bound on the low energy degradation rate. We plan in future experiments to measure the degradation rate for at least one intermediate energy in order to identify the wavelength range of the destructive radiation.
Discussion
There are two possible mechanisms which would be causing the UV degradation and which are consistent with the data. UV radiation is known to form color centers / 28-7 which absorb in the visible spectral region. This mechanism saturates at a level which depends strongly on the material ; if we take 10 cm-1 as an order of magnitude estimate of the saturated absorption coefficient of Si02, we find for the mirrors thgt rsat = 10-2 -10-3. The second mechanism is photo-stimulated desorption / 29-1 of the oxygen from the Ti02 layer. This process produces a layer of sub-oxide which is strongly absorbing in the visible (Ti203 is blueblack) and does not saturate. It is not known which of these two processes is producing the degradation we observe on ACO. We expect to be able to answer the question through a series of measurements at intermediate values of the undulator magnetic field and electron energy since the photon energy thresholds of the two processes are different.
A number of remedies are possible for the mirror degradation problem. As noted above, the harmonic flux can be reduced by lowering the magnetic field of the undulator. This solution, however, presents a number of disadvantages. First, the adoption of such a design restraint significantly reduces the flexibility of the free electron laser. The use of high field (K 3 2) undulators permits tunability of the output radiation without changing the energy of the electron beam and allows the use of high energy machines to produce relatively long wavelength radiations.
The gain of a standard undulator is also optimized in the region K = 2. We conclude that a considerable effort should be applied to a search for a solution to the optics problem before considering such a design restraint on the undulator.
A second possibility lies in the use of a helical instead of a linear magnetic field which would theoretically eliminate all harmonics on axis. Although the problem has not yet been studied, it should be possible to reduce field errors to a low enough level so that the harmonic amplitudes in a real device would be small over the area of an optical mode aligned to the axis of the electron beam. However, the helical configuration is technically more complex in its realization, particularly if the magnetic field is to be adjustable. An additional problem for a storage ring laser is the requirement for a large horizontal aperture during injection. Again, the optimal solution would be to reduce or eliminate the degradation of the optics rather than to encumber the FEL with a heavier load of technical requirements. And finally, neither of the undulator design changes is of any value for the UV free electron laser where the fundamental line itself damages the cavity optics.
Two types of solution to the optics problem spring immediately to mind : either one can shield the mirrors from the damaging radiation with a material that does not itself become damaged, or one can construct the mirrors out of materials which resist irradiation.
Shielding is possible through the use of a Brewster window or through the direct deposition of some UV absorber on the surface of the window. Whatever the shield used, the additional losses introduced by this element at the laser frequency must be maintained at a very low level. For the Orsay experiment, we are studying the possibility of using a fused silica Brewster window inside the cavity as a VUV absorber, but it is not clear that it will be possible to reduce the absorption and scatter losses to an acceptable level ( Q , 1 x Of course, the most attractive solution of all would be to find mirror coating materials which would not be subject to the degradation process. Although we plan to experiment with different mirror materials and sputtered UV shields, the possibilities are much too numerous for us to make any systematic investigation with the resources at our immediate disposal. On the other hand, the problem is very real and immediate. All short-wavelength FEL systems will need high quality transmissive optics, whether they are multila~er reflection or anti-reflection coatings, Brewster intracavity or output windows, or etalons. In view of the importance and universality of the problem it is our strong view that a systematic effort is needed to survey the UV damage resistance of optical materials. Fig. 25 is a sketch of the optical cavity mounted on the storage ring ACO, and also of the auxiliary optical set-up used for the alignment of the cavity and the study of the emission. As discussed in the previous section, the cavity mirrors have been mounted inside the storage ring vacuum to eliminate all possible intracavity losses. 'Ihelength of cavity has been chosen in order to synchronize electron pulses and optical pulses with two bunches stored in the ring. For ACO, the repetitive rate being 27 MHz, the mirrors spacing is 5.5 m. The choice of cavity length was dictated by the presence of obstructing synchrotron and injection lines. If two bunches are stored in the ring, gain occurs on the stored optical pulse once per round trip. The only inconvenience of this arrarfgement is that the two bunches tend to oscillate longitudinally about their respective phase stable points (phase oscillations) so that the peak gain is reduced, on average, by an amount proportional to the phase oscillation amplitude.
VI -THE EXPERIMENTS WITH THE OPTICAL CAVITY
Alignment o f the optical cavity
Two optical structures were used. The first one, with mirrors of 6 moo£ radius of curvature, is almost a confocal cavity with a beam waist at 6328 A of wo = 0.78 mm which is approximately equal to the low current diameter of the electron beams (FWHM = 0.7 mm). The second structure is practically a concentric cavity with mirrors of radius 3 m and a beam waist wo = 0.41 mm. These mirrors have an aperture of 16.5 mm and for both cavities diffraction losses are negligible even for high order modes. For example the diffraction losses of the confocal cavity are greater than 10-6 only for modes higher than TEM18,18 or TEM60,o. The geometrical structure of the spontaneous emission does not correspond exactly to the structure of the TEMQo mode. But since the cross section of the central part of the beam is approximately equal to the beam waist and the angular aperture is small (approximately 1.5 mrad for the wavelength where the gain has a maximum value), the emission is stored in only a few low order modes. Hence, the diffraction losses are negligible and the cavity losses are due only to the reflection coef f icienk of mirrors. For one round trip these losses are defined by r = 1 -R~ = 2 p, where p is the loss coefficient for one mirror. The adjustment of the cavity is performed in two steps. First, the centers of the mirrors need to be mechanically adjusted so that they fall on the magnetic axis of the undulator. This is done once with the aid of the undulator emission via an external laser. Then, during the experiments, the axis of the laser is aligned on the mirror centers, and both the electron beam and the mirror surfaces are aligned to the laser. In this way all alignments are referred to the axis of the undulator emission which is well defined in-17 periods as a result of our success in controlling the magnetic field errors / 10-1. After following this procedure, we observe that a single symmetric beam is stored in the cavity, and fine mirror alignment can be made to optimize the stored power. The alignment of the system is an important problem made difficult by the cavity length (5.5 m) and its inaccessibility inside the vacuum system. We describe in detail the procedure we have developed to solve the alignment problem.
The initial alignment was performed with the aid of the auxiliary M3 to M6 mirrors (see fig. 25 ), in order to obtain an alignment of the electron trajectory on the magnetic axis of the undulator. This is necessazy to avoid inhomogeneous broadening of the spectral lines due to off-axis effects / 2-1. In our case the magnetic axis is very near the mechanical axis of the undulator vacuum chamber, and we use the latter for the preliminary alignment. The vacuum chamber is illuminated by a source S (a 40 W filament lamp) through the optical path M3, Mq (see fig. 25 ). With the aid of the Mg and M6 mirrors and the L2 lens, an image of the vacuum chamber is formed simultaneously with an image of the spontaneous emission (see fig. 25a ).
Owing to the cylindrical symmetry of this emission, the center of the coloured rings can easily be located at the entrance and at the exit of the undulator. By using the storage ring correction coils the spontaneous emission can be centered on the mechanical axis with a precision of about 0.5 mm.
The alignment of Mi, Mq cavity mirrors is performed by aligning the argon laser on the spontaneous emission with M5 in the up position in order to avoid degradation of the mirrors. With the M4 mirror down, the laser is sent through the cavity mirror MI and centered on the image of the spontaneous emission in order to define the cavity axis. The mechanical centring of M1 and M2 is then adjusted on the laser beam. This procedure ensures that the mirror centers lie on the magnetic axis of the undulator.
During the experiments, the mirrors are used as the reference point, the laser is centered on the mirrors, and the electron beam steering is adjusted so that the axis of the spontaneous emission coincides with the laser beam. Finally the mirrors are aligned on the laser as illustrated in fig. 26 . With a mirror M' an autocollimated beam is obtained at the rear of M2 (see figure 26a ). Then by using multiple reflexions between M' and M2, a first alignment of M2 can be easily achieved (figure 26 b) by vertical and horizontal rotations. Generally we obtain an excellent adjustment of the cavity with this procedure. When the permanent magnet jaws are closed the spontaneous emission is stored at the wavelength of maximum reflectivity and can be viewed in the central part of the beam transmitted by the mirrors (see fig. 27 ). Its intensity is maximized by a fine rotations of the mirrors. With this procedure the alignment is straight forward and gives immediately a maximum of the stored intensity emission. This is due to the fact that the axis of emission is very well defined, so that the cavity is automatically centered on this axis.
The final step is the adjustment of the length of the cavity by a longitudinal translation of mirrors in order to synchronize the optical and electronic pulses. As discussed in section V, the time structure of the stored pulse has its minimum width when the cavity length is synchronized with the half rotation time ( fig.  28 ). Final length adjustment is performed using the integrated power output, and while operating at a peak in the gain curve. A sharp peak is observed in the power since the stored spontaneous emission amplified when the optical pulses remain synchronized with the electron pulses. This amplification peak is typically 50 p in full width.
Measurements of amplification were made with the optical set up of fig. 25 c. A 0.4 mm pin-hole is set on the transmitted beam in order to let past only the central part of the superposition of cavity modes which forms the stored beam. The amplification is maximum in this central region. Then the beam is filtered by a monochromator (bandwith of 6 1) and the mean value of intensity is detected by a photomultiplier followed by a low pass filter. The wavelength of the monochromator is set on the maximum of the first derivative of the spontaneous emission spectra and the length of cavity is tuned and detuned in order to display the amplification (red side of spectra) or the absorption (blue side of spectra).
Enhancement factor
0
Measurements of amplification were made at two wavelengths (6300 and 5100 A) with the permanent magnet undulator (see section 11) and with the optical klystron sion when the cavity is tuned. The central spot corresponds to 6300 A (maximum of reflectivity of mirrors). The unstored green and blue second order emission is also viewed as a large blurring. (see section IV). At the present time we have not obtained lasing action but we have observed an enhancement of the stored spontaneous intensity as a rpsult of the gain process.
The observed enhancement factor E is defined by :
For small amplifications, E is determined by the cavity losses and the gain per pass (all saturation mechanisms being certainly negligible). The calculation of E is complicated by the fact that the optical cavity stores many transverse modes with low losses. For one mode E is related to the single pass gain gn and the cavity losses per round trip rn of this nth mode. If in is the intensity of the spontaneous radiation emitted into the nth mode in one pass of the electron through the undulator, then the steady state intensity in that mode is :
When the length of the cavity is detuned by a distance large enough to displace the optical pulse by one electron bunch length O1 in a few passes the gain effectively drops to zero (this distance has been found experimentally to be on the order of 50 v). For one mode the enhancement factor (19) is therefore :
Here we have assumed that the gain gn is independent of the intensities { in 1 C1-66 JOURNAL DE PHYSIQUE (no saturation.mechanism) and that the phase of the spontaneous emission from pass to pass is uncorrelated so that we can add the intensities.
The total intensity stored in the cavity is then just I = C I and the measured n n value of the enhancement factor is therefore :
The physical interpretation of this result is clear : the net enhancement factor is equal to the weighted average of the individual mode enhancement factors, with a weighting factor equal to the intensity stored without amplification in that mode.
The experiments we report were performed with an overmoded cavity. The mode which is closest to threshold will provide the largest contribution to ( 2 2 ) , but this contribution will necessarily be diluted by the averaging procedure which also takes into account the other modes which are farther from threshold. As a result, the measured enhancement factor is always smaller than the individual mode enhancement factor for the most interesting mode : the closest one to threshold. The degree to which E underestimates en depends on the distribution of gain and loss as a function of the mode number and is unknown for this system. The experimental values for E are therefore a lower limit to en for the most interesting mode.
Amplification EJith the permanent magnet undulator
Measurements of amplification at about 6300 ti were made by using an energy of 240 MeV, a magnetic field corresponding to K = 2.2 and a confocal cavity. Since the mode distribution is unknown, we cannot calculate the gain per mode from this data. An averaged gain g can be extracted from the measured values of E if we impose the formula ( 2 1 ) . This average gain is probably a lower limit to the true gain for the mode closest to threshold. Table 6 gives the results of several measurements. The gain and the cavity losses were measured in the same conditions and pflactically simultaneously so that a good value of the averaged gain per round trip g can be calculated.
A small amplification was observed on the red side of spectra and also as expected a practically equal absorption on the blue side. The small value of amplification before irradiation is due primarily to the high value of cavity losses. As explained in section V these losses are due to the degradation of mirrors by irradiation. Amplification measurements were made after an irradiation of 5 hours (for = 6220 1) and max 10 hours for the second serie of experiments (1 = 6100 A). A comparison with max the cavity losses measured in air before irradiation shows an enhancement of these losses of one order of magnitude. With g = 8 x 10-5, an enhancement factor E = 67 % would have been obtained in the absence of degradation. The second reason for such a small amplification is the low value of gain per pass g. First the g value is lowered when the ring current increases. This effect is related to the evolution of electronic density versus the ring current (see section 11) and to the increase in the number of modes stored in the cavity as the transverse area of the electron beam increase. We note also that during the first series of experiments (I = 56 mA) the sextupoles were in service on the storage ring, whereas during the second series they had broken down and could not be used. In the latter case both the density is lowered, and the transverse dimensions increase. Since the maximum current density is obtained for a current i = 30 mA the effective gain -g inside the cavity probably do not exceed 1 x 10-4. This last value is smaller than the gain per pass, g = 2.2 x 1 o -~ deduced from the measurement with an argon laser and withozt cavity. It is likely this reduction is due to the modes of cavity, the mean value g being smaller than the gain for thg TEMoo mode. Some measurements of amplification were also made with a set of 5145 A mirrors. In this case the amplification is practically equal to (or lower than) the sensitivity of measurements, and only an upper limit of E can be obtained (E < 1 %). This very bad result is mainly due to the higher value of mirror losses, r = 36.10-4.
Amplification with the optical klystron
The optical klystron used for these measurements is described in section IV. The vacuum chamber and the optical cavity are unchanged ; only the magnetic field generator is modified.
We used a new set of 6330 mirrors, and in order to prevent degradation of the mirrors by the high harmonics of the undulator radiation, we began our experiments at a lower magnetic field and therefore a lower energy (K = 0.89, E = 150 MeV). This operating point exhibits simultaneously the following three features : -a fundamental wavelength in the red part of spectrum -a maximum theoretical enhancement by a factor 5 of the gain of the optical klystron with respect to the gain obtained with the undulator (see section IV) -a very low harmonics intensity in W V and the X-ray range.
Working from the results of the amplification experiments with the undulator (g = 1 x 10-4) a gain per pass of 5 x 10-4 was expected for the optical klystron. At low energy the real value of the average gain g would be reduced below this value if either the maximum current density drops or if the modulation of the klystron spectrum (see section IV) becomes significantly less than total. In fact, both of these phenomena occurs. The maximum current density drops at low energy due to the lower instabilities threshold of the electrons. The modulation is shown in fig. 29 which is a spectrum of the spontaneous emission transmitted by the cavity mirror. For those experiments the modulation rate defined by f = im/io can be far from 100 % and varies with the current stored in the ring.
The results of several measurements are reported in table 7. For the amplification measurements the wavelength (indicated by XG on fig. 29 ) was chosen in order to maximize the first derivative of the spectrum. A maximum amplification of 17 % was observed for the lowest value of the current stored in the ring.
No degradation of mirrors was observed during the experiments. Nevertheless the cavity losses are higher than the losses due to the in-air reflectivity of the mirrors as discussed in the previous section. If the cause of this vacuuminsertion degradation is identified and eliminated, the effects would be immediate and dramatic : under the same (rather unfavorable) circumstances, the enhancement Cl-68 factor E would be 1.7.
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Figure 29 -
Optical klystron : spectrum of the spontaneous emission transmitted by a cavity mirror. E = 150 MeV, K = 0.9, ring current = 35 mA. Table 7 -Amplification measurements for the optical klystron with a set of 6300 A mirrors from the batch BE and an almost concentric cavity. E = 150 MeV, K = 0.9
When the current increases we observe a reduction of the modulation rate of the spontaneous emission spectrum and simultaneously a reduction of gain. This effect is mainly due to an enhancement of the energy spread and of the angular distribution of velocities, which give an inhomogeneous broadening of-spectral lines and then reduce the modulation rate of the optical klystron / 20-1. Since the gain is proportional to the first derivative of the spectrum 1 14-/the theoretical gain value is multiplied by f, and this reduction factor varies between 1.7 at low current and 6 for the highest value of current.
A 6300 A 6300 A
6220
Taking into account the reduction due to the modulation rate, a corrected value of g can be calculated for an arbitrary 100 % modulation (last column of table 7), and its variation with respect to the ring current is reported on fig. 30 . Clearly this curve shows a saturation of gain for high values of current. This effect is certainly due to a saturation of the electronic density of the electron bunch. For ACO, measurements of the size of the bunch show that the electronic density is proporg 100 % (corrected for 100 % modulation) Figure 30 Corrected value of gain for 100 % of modulation rate tional to the current only for small values of i, reaches a maximum value for i = 30 mA and decreases slowly for higher currents (see fig. 11 ). The small discrepancy between the curves of fig. 1 1 and 30 can be easily explained by the difference between both experiments : a measurement of electronic density and a measurement of the enhancement factor for an optical klystron. The most important feature is the saturation of electronic density and gain for a current higher than 30 mA. Then, the best choice of current is probably a rather low value of 15-30 mA which gives a maximum of electronic density, without too much of inhomogeneous broadening of spectra and degradation of mirrors.
For low values of current, fig. 30 shows also that the gain is proportional to the current, the experimental value being g " 1.5 x 10-5/mA. We can try to compare this value with the expected value from the amplification measurements obtained with the undulator. With an energy of 240 MeV and for the maximum of electronic densiry, the gain of our undulator was g = 2 x 10-4 when measured with an argon laser, and g = 1 x when measured inside the cavity. Taking into account the variation of electronic density ( fig. 11 ) we can estimate for this undulator a gain at low current 1 x I O -~/~A < g < 2 x 10-~/mA, so that the expected value of gain for our optical klystron at 240 MeV was 5 x 10-~/mA < g < 10 x I O -~/~A .
By using an energy of 150 MeV, the experimental value is substantially smaller (nearly one order of magnitude). Such a discrepancy can be explained also by the evolution of the electronic density with the energy of electron. An energy E = 150 MeV is an extreme limit for ACO, and we have observed a large enhancement of the bunch sizes between the nominal energy (240 MeV) and lower limit (150 MeV). So that the choice of a low energy reduces the degradation of mirrors but also reduces the electronic density, and the net gain was practically unchanged. Then, the best choice of energy is a compromise between both effects but, at the present time, we do not have any results for intermediates energies.
From these experiments it is clear that severe reduction of gain observed in the cavity can be due to several mechanisms : -the irradiation by V-U-V or X-ray of mirrors (or Brewster' windows) -the evolution of electronic density versus the ring current or the energy -the inhomogeneous broadening of the optical klystron spectra mainly by the energy spread and the angular distribution of velocities.
Then in this work we have optimized a F.E.L. experiment which ultimate goal is to reach the laser oscillation threshold. We have installed an permanent magnet undulator and optical klystron and shown that they behave exactly as they were expected to do. Also we have constructed a M g h vacuum optical cavity and used state of the art mirrors. We have observed a suhstantial amplification of the stored spontaneous emission. However we have not reached the laser threshold although we are not far from it. We can consider that the optical parameters have been optimized as far as possible and that only the electron beam qualities and the mirrors degradation problems have to be improved. The electron bunch qualities can be improved in at least two ways :
-inserting a high-frequency cavity in the ring should reduce the bunch length of the bunches and then improve both the electronic density and the inhomogeneous broadening of the optical klystron line -working with positrons will improve the bunch volume and then allow a greater electronic density at high current.
These improvements are planned for the near future at LURE.
The mirror degradation problem is also studied from several different points of view (different layers, inserting Brewster windows.... etc, see section V). We want only to point out that given the low optical gain attainable on most storage rings, this degradation problem is probably the frontier in the present and future F.E.L. work. In addition the accuracy of the degradation data obtained in the F.E.L. experiments may lead to great progress in the understanding of the multilayers coatings behavior under strong U.V. lightexposure.
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